We study nonlinear pulse propagation of high-energy ultrashort pulses in graded-index multimode fibers. By adjusting initial conditions, we observe and control a wide range of nonlinear effects including spatiotemporal effects resembling self-focusing and multiple filamentation. Although nonlinear optics in multimode fibers was of interest in the 1970s and 80s, the research community quickly became focused on single-mode fibers. Today, there is a new wave of interest in multimode fibers motivated by possible applications in telecommunications and fiber lasers, and by improved personal computers and recent theoretical developments [1] [2] [3] [4] [5] . When the modes of a multimode fiber are nonlinearly coupled, pulse propagation becomes inherently spatiotemporal. Here we show that these processes can be easily controlled by varying the spatial degrees of freedom (i.e., by changing the position of the fiber relative to the incident beam so that different initial distributions of modes are excited). We consider the propagation of pulses in a 0.275 numerical aperture, 62.5 μm core diameter graded-index fiber (GRIN fiber). In particular, we launch 500-fs pulses at 1550-nm (in the anomalous dispersion regime). In the GRIN fiber, modes travel with nearly the same group velocity. As a result, pulses in different modes can remain temporally overlapped for a long distance. For the energies considered here, the modes are strongly coupled by nonlinear effects. Similar to single-mode fiber, we find that high-energy pulse propagation in the anomalous dispersion regime involves dynamics of solitons. However, in the GRIN multimode fiber the solitons formed are multimode: they are non-dispersive pulses that span multiple spatial modes and resist both group-velocity dispersion and modal dispersion. Hence the dynamics and interactions of these multimode solitons are spatiotemporal.
Although nonlinear optics in multimode fibers was of interest in the 1970s and 80s, the research community quickly became focused on single-mode fibers. Today, there is a new wave of interest in multimode fibers motivated by possible applications in telecommunications and fiber lasers, and by improved personal computers and recent theoretical developments [1] [2] [3] [4] [5] . When the modes of a multimode fiber are nonlinearly coupled, pulse propagation becomes inherently spatiotemporal. Here we show that these processes can be easily controlled by varying the spatial degrees of freedom (i.e., by changing the position of the fiber relative to the incident beam so that different initial distributions of modes are excited). We consider the propagation of pulses in a 0.275 numerical aperture, 62.5 μm core diameter graded-index fiber (GRIN fiber). In particular, we launch 500-fs pulses at 1550-nm (in the anomalous dispersion regime). In the GRIN fiber, modes travel with nearly the same group velocity. As a result, pulses in different modes can remain temporally overlapped for a long distance. For the energies considered here, the modes are strongly coupled by nonlinear effects. Similar to single-mode fiber, we find that high-energy pulse propagation in the anomalous dispersion regime involves dynamics of solitons. However, in the GRIN multimode fiber the solitons formed are multimode: they are non-dispersive pulses that span multiple spatial modes and resist both group-velocity dispersion and modal dispersion. Hence the dynamics and interactions of these multimode solitons are spatiotemporal. These interactions result in many different processes, which can be adjusted, suppressed or excited by varying the initial spatial condition. We were guided initially by simulations of the dynamics by the generalized multimode NLSE [1, 2] and a (3+1)-D generalized NLSE. In general, different initial conditions produce different results. Figure  1(a-b) show exemplary simulation results using the GMMNLSE. The initial condition, each of the first 5 modes of the fiber equally seeded and in-phase, is chosen only because it produces a spectrum that contains most of the effects observed simultaneously with a relatively small number of modes. The broad continuum produced stems from many different effects involving all the modes. Experimentally, by optimizing the initial spatial condition all these effects can be selectively strongly enhanced. Figure 1 (c) and (d) show two typical spectra in the visible to near-infrared portion of the spectrum: tunable dispersive waves generated by the 1550-nm pump pulse (PDW) and by a multimode Raman-shifted soliton (RSDW). Figure  1 (e) and (f) show optimization of the spectral uniformity and of an intense multimode Raman-shifted soliton. Isolated multimode Raman-shifted solitons can be obtained with high energy and short duration. Using a long wavelength pass filter cutting on at 1800-nm, we adjusted the launch condition to optimize the energy in a single Raman-shifted soliton. Figure 1(h) shows the spectrum obtained (before the filter). The isolated soliton at 2100 nm has a 55-fs duration, with over 90 nJ energy. The spectrum also shows several other intermodal nonlinear processes: dispersive waves from multimode solitons at the pump wavelength (PDW), Raman-shifted soliton and their dispersive waves, as well as third-harmonic of the pump (THG). The origin and relation of the frequency combs (FC, FC2) and four-wave mixing (FWM) is under investigation.
In general, spatial nonlinear effects are observed. Although these may sometimes resemble self-focusing and multiple filamentation observed commonly in bulk media, their origin is not necessarily the same. They occur here at < 10% of the critical power. Very briefly, these observations can be described as follows. At low energies, Raman scattering tends to transfer energy towards the lowest-order modes, resulting in apparent self-focusing. At higher energies, Raman-shifted multimode solitons containing predominantly lower-order modes shift beyond 1800 nm, which is the maximum wavelength visible by the InGaAs camera. This causes the appearance of the beam visible on the camera to become more structured, indicative of the relatively higher-order modes left within the camera's spectral range. At even higher energies, Raman gain competition within these modes appears to cause a deepening of modulations.
Overall, the nonlinear optical pulse propagation in multimode fibers with strong nonlinear mode coupling appears to be a rich new area for exploration. Spatiotemporal nonlinear effects occur due to nonlinear mode coupling effects. They can be understood by the dynamics of multimode optical solitons and controlled by the spatial degrees of freedom during launch. Our results demonstrate a flexible, highly-tunable, high-power fiber light source.
